Soot and ash as residues from the combustion of peat briquettes were analysed by chemical and mineralogical methods. The study aimed to characterize combustion in domestic boilers of two different emission classes. Ten samples of soot deposited in exhausting ways of boilers were obtained (five of each emission class). The analyses of organic substances in soot were performed using a combination of the methods for the determination of elemental and organic forms of carbon with analytical pyrolysis. Pyrolysis gas chromatography with mass spectrometric detection (Py-GC/MS) allowed the identification of organic compounds belonging to twenty different groups. The major and minor elements in peat briquettes, char and soot, were determined by X-ray fluorescence spectroscopy. The identification of grains and the chemical character of soot was performed using a scanning electron microscope with energy dispersive X-ray spectrometry. The mineral phases in ash were determined by X-ray diffraction. The behaviour of the inorganic elements in combustion products (ash and soot) was studied by means of an enrichment factor. The analytical results are used for characterizing the technological conditions of combustion. The soot deposits from the more advanced boilers with increased combustion temperature contain more organic compounds which indicate the highly carbonized cellulose (benzofurans and dibenzofurans). The increased combustion temperature is indicated by increased concentrations of heterocyclic and aliphatic nitrogen compounds, while the total concentrations of nitrogen in soot from boilers of both types are comparable.
Introduction
Peat is formed by the heterogeneous plant material that is decomposed under anaerobic conditions due to the processes in the water-saturated zone flooded permanently or periodically. In addition to its use for energetic purposes, peat is used as a component of substrates in horticulture or as an organic fertilizer in agriculture. It is applied in balneology for peat baths and wraps [1] , and as the sorbent [2] .
Peat bogs are widespread covering approximately 2-3% of the total land surface of the Earth. The majority of peat bogs occurs at the Northern Hemisphere in the mid/high-latitudes, although they exist in other parts of the world [3] . There are 4 million km 2 of peatland in 180 countries in total [4] . From the European Soil Database (v. 1), it follows that peatland in Europe covers an area of 0.3 million km 2 [5] . For this estimate, peatland was specified as a peat bog with the concentration of organic matter >25% (expressed as a loss on ignition) and with depth >30 cm. The peat resources of Europe are located boilers of different emission classes obtained by the combustion of unusual fuels as peat briquettes are not known. This work proves that the analysis of organic compounds in the deposits of soot makes it possible to verify the technological improvements of boilers.
Materials and Methods
The peat briquettes imported into the Czech Republic from Ukraine were bought from the seller of solid fuels. The peat briquettes were of prismatic shape with a size of 165 × 65 × 35 mm. The briquettes were burned in boilers of emission classes 2 and 3 with manual loading within five days. Ten samples were obtained altogether. From this number, one sample from boiler EC3 was anomalous (122) and based on a T-test, it was excluded from the set. The amounts of burned fuel and produced soot were determined by weighing. The deposits were sampled from the inner part of the boiler (walls, segment ribs) when each combustion experiment was completed. The duration of the combustion was recorded. During the combustion, the temperature reached 600 • C to 800 • C. The weight of the sampled deposits and experimental conditions are listed in Table 1 . 
Chemical and Mineralogical Methods
Pyrolysis gas chromatography with mass spectrometry (Py-GC/MS) was used to identify the organic compounds present in the soot [38] . The analytical equipment was formed by Pyroprobe 5200, CDS Analytical Inc. and gas chromatograph 7890 A Agilent.
The ASTM D 3172-76, Standard Practice for Proximate Analysis of Coal and Coke, was used for the proximate analysis of peat briquettes with the utilization of LECO analyser TGA 701. The ultimate analysis of peat was determined using an elemental analyser, FlashSmart CHNS/O (Thermo Fischer Scientific) in accordance with the standard ASTM D 3176-84, Standard Practice for Ultimate Analysis of Coal and Coke. The unburned carbon and soot in ash was determined according to ASTM D6316-17, Standard Test Method for Determination of Total, Combustible and Carbonate Carbon in Solid Residues from Coal and Coke. The content of organic carbon (OC) and elemental carbon (EC) in the sediment samples (soot) was determined by the thermal/optical reflectance (TOR) method with the IMPROVE temperature protocol by the Sunset Laboratory (USA) OC/EC analyser. A solid sample (approximately 4 mg) was mixed with deionized water. The suspended particles were captured on a quartz fibre filter. Following this, the sample was dried in an oven at 36 • C for 24 h. Subsequently, the contents of OC, EC and ash in soot were determined. The conversion of the OC values to organic matter (OM) was performed in this work using multiplication of OC by factor 1.4 [39] .
The major and minor elements in peat briquettes, char, and soot were determined according to ASTM D4326-13, Standard Test Method for Major and Minor Elements in Coal and Coke Ash by X-Ray Energies 2019, 12, 3784 5 of 21 Fluorescence, with Innov-X Delta -Professional Environmental Handheld XRF Analyser, Olympus. The certified Reference Material BRC-038 fly ash from pulverized coal (Institute for Reference Materials and Measurements European Commission) was utilized.
The identification of grains and the chemical character of soot was performed using auto-emission scanning electron microscope FEI Quanta-650 FEG manufactured by FEI Co. It is equipped with an energy dispersive X-ray spectrometric analyser (EDX)-EDAX Galaxy. The standardless analyses were only performed using the corrections for concentrations of the light elements based on a set of standard materials. The mineralogical phase analyses of peat briquettes and ash samples were performed by X-ray diffraction (Diffractometer Bruker Advance D8).
Leachability
The aqueous extract (1:10) from both the ash and soot was prepared according to EN Table 1 presents the conditions of the combustion of peat briquettes. The boxplots (Figure 1 ) characterize the amounts of soot produced by the combustion of 1 kg of fuel. The amount of soot trapped in the boiler EC3 is higher than that of EC2. A statistically significant relationship was found between the amount of soot produced by 1 kg of fuel and the speed of burning (r = 0.65) at the significance level of 0.025 ( Figure 2 ). The amount of trapped soot is lower with a higher speed of burning. However, the concentration of organic compounds trapped in soot and determined by the method of Py-GC/MS are relatively lower due to the unfinished non-complete decomposition of fuel. In contrast, a decrease of concentrations of organic compounds in emissions PM 10 during the increased speed of burning was reported by the authors of [40] , who explained this by the more pronounced partitioning of organic compounds into the vapour phase due to the increased temperatures of the flue gases. The optimal burning speed for a wood stove is considered to be 1.5-3 kg/h [40, 41] . In this work, the burning speed in boiler EC3 was comparable, while boiler EC2 was higher than this optimal value (Table 1 ). Ten samples were obtained in total. From this number, one sample from boiler EC3 was anomalous (122), and it was excluded from the set based on a two-sample t-test analysis (OriginPro 2019).
Results and Discussion
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Energies 2019, 12, 3784 6 of 23 admixtures in trace amounts are formed by clay minerals (illite and kaolinite). Sulphur does not form any mineral but is contained in the organic matrix together with nitrogen. 
Product of the Combustion
The peat ash contains minerals of silicon, aluminium, calcium, and iron. Its composition depends on the locality of the origin [4] . The peat briquettes used in this study contain significantly higher concentrations of Ca (3.8%) than peat from other localities ( Table 3 ). The sample of peat briquettes does not contain any Ca-bearing mineral and ash is formed mainly by quartz ( Figure 3 ). The mineralogical composition of the crystalline phase of ash from the combustion of peat briquettes ( Figure 4 ) was The statistically significant relationship (r = 0.85) at the significance level of 0.05 was found between the amount of soot released from 1 kg of fuel and the concentration of trapped organic compounds. The lowest concentrations of the sum of organic compounds and organic carbon were determined for the highest amount of produced soot per kilogram of fuel. The correlation coefficient had a value r = 0.80 with the critical value fulfilled at the significance level of 0.01.
The comparison of the parameters obtained by proximate and ultimate analysis for peat briquettes and wood is presented in Table 2 . Peat briquettes contain, in comparison with wood, approximately 10-20 times more nitrogen, sulphur and ash. The content of volatile combustibles (VM) is lower by 10-15%. The mineralogical composition of peat briquettes confirmed that the major mineral of ash is quartz and admixtures in trace amounts are formed by clay minerals (illite and kaolinite). Sulphur does not form any mineral but is contained in the organic matrix together with nitrogen. 
The peat ash contains minerals of silicon, aluminium, calcium, and iron. Its composition depends on the locality of the origin [4] . The peat briquettes used in this study contain significantly higher concentrations of Ca (3.8%) than peat from other localities ( Table 3 ). The sample of peat briquettes does not contain any Ca-bearing mineral and ash is formed mainly by quartz ( Figure 3 ). The mineralogical composition of the crystalline phase of ash from the combustion of peat briquettes ( Figure 4 ) was formed, besides quartz (31%), mainly by minerals containing calcium: calcite CaCO 3 (12%), anhydrite CaSO 4 (9%), brownmillerite Ca 2 (Al,Fe) 2 The behaviour of the inorganic elements in combustion products (ash and soot) was studied by means of the enrichment factor (EF) calculated either as a ratio of the concentrations of the element in ash and peat briquette or as a ratio of the concentrations of soot/peat briquette [42] . The enrichment of the element can also be calculated using normalization, employing a stable element, e.g., Al [43] . The relative enrichment (RE) was introduced by Meij [44] and was applied by the authors of [45] . It is defined as: 
A comparison of the chemical composition of peat from the data in the literature is presented in Table 3 . Calcium, Fe and Si from the major elements have the highest concentrations in peat briquettes. Zn has the highest concentration from trace elements (27 mg/kg d.m.). However, the concentration of Zn was lower than the published data for the UK, Norway, Germany, Estonia and Russia. In the Czech Republic, the prevailing kind of fuel in domestic boilers is still coal. From Table  3 , it follows that the concentrations of the trace elements in peat briquettes are lower than those in lignite. Some authors reported the higher concentrations of trace elements: Heavy metals as a consequence of sorption and the sedimentation processes in territories intensively influenced by industrial activity (metallurgy, power stations, etc.). In the industrial region of Upper Silesia in southern Poland, in the area influenced by metallurgy, the concentrations in an upper layer of peat formed, besides quartz (31%), mainly by minerals containing calcium: calcite CaCO3 (12%), anhydrite CaSO4 (9%), brownmillerite Ca2(Al,Fe)2O5 (22%), tricalcium silicate Ca3O5Si (11%), gehlenite Ca2Al(AlSiO7) (11%) and in minor concentrations, minerals containing Fe-magnetite Fe3O4 (4%). The behaviour of the inorganic elements in combustion products (ash and soot) was studied by means of the enrichment factor (EF) calculated either as a ratio of the concentrations of the element in ash and peat briquette or as a ratio of the concentrations of soot/peat briquette [42] . The enrichment of the element can also be calculated using normalization, employing a stable element, e.g., Al [43] . The relative enrichment (RE) was introduced by Meij [44] and was applied by the authors of [45] . It is defined as:
A comparison of the chemical composition of peat from the data in the literature is presented in Table 3 . Calcium, Fe and Si from the major elements have the highest concentrations in peat briquettes. Zn has the highest concentration from trace elements (27 mg/kg d.m.). However, the concentration of Zn was lower than the published data for the UK, Norway, Germany, Estonia and Russia. In the Czech Republic, the prevailing kind of fuel in domestic boilers is still coal. From Table  3 , it follows that the concentrations of the trace elements in peat briquettes are lower than those in lignite. Some authors reported the higher concentrations of trace elements: Heavy metals as a consequence of sorption and the sedimentation processes in territories intensively influenced by industrial activity (metallurgy, power stations, etc.). In the industrial region of Upper Silesia in southern Poland, in the area influenced by metallurgy, the concentrations in an upper layer of peat The behaviour of the inorganic elements in combustion products (ash and soot) was studied by means of the enrichment factor (EF) calculated either as a ratio of the concentrations of the element in ash and peat briquette or as a ratio of the concentrations of soot/peat briquette [42] . The enrichment of the element can also be calculated using normalization, employing a stable element, e.g., Al [43] . The relative enrichment (RE) was introduced by Meij [44] and was applied by the authors of [45] . It is defined as:
A comparison of the chemical composition of peat from the data in the literature is presented in Table 3 . Calcium, Fe and Si from the major elements have the highest concentrations in peat briquettes. Zn has the highest concentration from trace elements (27 mg/kg d.m.). However, the concentration of Zn was lower than the published data for the UK, Norway, Germany, Estonia and Russia. In the Czech Republic, the prevailing kind of fuel in domestic boilers is still coal. From Table 3 , it follows that the concentrations of the trace elements in peat briquettes are lower than those in lignite. Some authors reported the higher concentrations of trace elements: Heavy metals as a consequence of sorption and the sedimentation processes in territories intensively influenced by industrial activity (metallurgy, power stations, etc.). In the industrial region of Upper Silesia in southern Poland, in the area influenced by metallurgy, the concentrations in an upper layer of peat bog reached for Zn 494 mg/kg, Pb 238 mg/kg and Cd 16 mg/kg [46] . Even a higher maximum concentration of 2256 mg/kg was determined for lead in peats of the Hartz region in Germany [47] . The concentrations of trace elements (As, Cd, Pb, Ti and Zn) in peat used as fuel are especially important because their emissions are linearly dependent on their initial concentrations. During combustion, approximately 60% of Pb and 40% of Zn is released [48] .
The highest value of RE was calculated for Ti. The major elements (Al, Si, Ti, P, Ca, Fe and Mn) have increased values of RE for ash ( Figure 5 ). Potassium has higher enrichment in the soot of both types of boilers, while chlorides have higher enrichment only in soot from boilers of EC2. The enrichment of elements in the boilers of emission classes 2 and 3 is comparable, except Mn that has higher enrichment in soot from EC3. The behaviour of trace elements varies further. Ni and Mo have the higher value of RE for ash, Cu has no differences in RE, and other environmentally significant elements (Zn, As, Se, Cd and Pb) have the highest values of RE for soot. For U, As, Se and Cd, the higher values of RE were found in the boilers of emission class EC3, while for Pb the higher values were found in emission class EC2 ( Figure 6 ).
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The highest values of EF were found for Ti in ash (16) , potassium in soot (approximately 10), and chlorides in soot from the boiler of emission class EC2 (approximately 15). For trace elements, the highest values of EF were determined for Zn from the boilers of both types (70-80) and for Pb (90), in the soot from the boiler of emission class EC2 (Figures 7 and 8 ). The increased concentrations and therefore increased values of EF for Zn, Pb and partially As, in soot are influenced by adsorption of these elements on elemental carbon (EC). The highest statistically significant relationships were determined for Zn (r = 0.81), Pb (r = 0.65) and As (r = 0.56). A statistically significant relationship was not found for Cu and Cd. The concentration of Cd has a high correlation with the amount of Energies 2019, 12, 3784 9 of 21 caught soot (r = 0.65). The volatile behaviour of Hg, As, Cd and Pb during the combustion of coal in an electrical furnace was reported by the authors of [49] who determined that the temperature >400 • C caused the volatilization of approximately 20% of As, at >900 • C it was up to 72%. For Cd, it made 15.5% and 33%, respectively. The lowest volatilization was found for Pb-4% and 10%, respectively [49] .
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from the walls and ribs of boiler EC2 have a different size. The particles of soot from the walls (median 80 µm) from boiler EC2 are larger than the particles trapped on the ribs (median 61 µm). A considerable difference in particle size was identified in boiler EC3 for a prolonged period of the combustion (22 h) when the median of the particle size reached 122 µm ( Figure 12 ). For samples burned during a period lasting from 8 to 11 h, it was possible to prove the statistically significant relationship between the average particle size and the amount of deposited soot (r = 0.82, level of significance 0.5). The variable particle size in soot can be influenced by the chemical and mineralogical composition of particles and their ability of aggregation due to the effect of salts (chlorides). A difference in the ash content in soot obtained from the walls and ribs during the combustion of peat briquettes in both boilers EC2 and EC3 is negligible. The content of ash in soot obtained from boiler EC3 is slightly higher than boiler EC2 ( Figure 13 ). The highest content of ash in soot was obtained from boiler EC3 with the long-lasting combustion (22 h). The soot from the combustion of peat briquettes in boiler EC2 contains higher concentrations of water-soluble ions (expressed by electrical conductivity). The most critical difference in the leached amounts of ions was found for soot from boiler EC2. The leached amount of chlorides was from 7-10 times higher than for soot from boiler EC3. A slightly higher amount (approximately 1.5x) was leached for sulphates ( Table 4 ). The concentrations of chlorides in soot are influenced by the temperature during the combustion. Low (327-527 °C) and medium temperatures (627-827 °C) facilitate the trapping of chlorides in soot, most often in the form of KCl [53] . The variable particle size in soot can be influenced by the chemical and mineralogical composition of particles and their ability of aggregation due to the effect of salts (chlorides). A difference in the ash content in soot obtained from the walls and ribs during the combustion of peat briquettes in both boilers EC2 and EC3 is negligible. The content of ash in soot obtained from boiler EC3 is slightly higher than boiler EC2 (Figure 13 ). The highest content of ash in soot was obtained from boiler EC3 with the long-lasting combustion (22 h). The soot from the combustion of peat briquettes in boiler EC2 contains higher concentrations of water-soluble ions (expressed by electrical conductivity). The most critical difference in the leached amounts of ions was found for soot from boiler EC2. The leached amount of chlorides was from 7-10 times higher than for soot from boiler EC3. A slightly higher amount (approximately 1.5x) was leached for sulphates ( Table 4 ). The concentrations of chlorides in soot are influenced by the temperature during the combustion. Low (327-527 • C) and medium temperatures (627-827 • C) facilitate the trapping of chlorides in soot, most often in the form of KCl [53] . Sodium also has approximately seven times higher leachability for soot from boiler EC2 than EC3 (Figure 14 ). The highest differences in leachability of soot from boilers EC2 and EC3 were found for total nitrogen. The concentrations of total nitrogen in the dry matter of soot from boilers EC2 and EC3 are comparable-3.65 ± 0.86% and 3.81 ± 0.45% ( Table 2) . From a comparison of concentrations of total nitrogen in peat briquettes and soot, it follows that soot has only very low enrichment by nitrogen (1. 12-1.22) . The increased concentrations of C and N in soot from the combustion of peat briquettes in comparison with input fuel are the result of the formation of high energy C-N bonds [54] . Sodium also has approximately seven times higher leachability for soot from boiler EC2 than EC3 (Figure 14 ). The highest differences in leachability of soot from boilers EC2 and EC3 were found for total nitrogen. The concentrations of total nitrogen in the dry matter of soot from boilers EC2 and EC3 are comparable-3.65 ± 0.86% and 3.81 ± 0.45% ( Table 2) . From a comparison of concentrations of total nitrogen in peat briquettes and soot, it follows that soot has only very low enrichment by nitrogen ( 1.12-1.22 ). The increased concentrations of C and N in soot from the combustion of peat briquettes in comparison with input fuel are the result of the formation of high energy C-N bonds [54] . Sodium also has approximately seven times higher leachability for soot from boiler EC2 than EC3 (Figure 14) . The highest differences in leachability of soot from boilers EC2 and EC3 were found for total nitrogen. The concentrations of total nitrogen in the dry matter of soot from boilers EC2 and EC3 are comparable-3.65 ± 0.86% and 3.81 ± 0.45% ( Table 2 ). From a comparison of concentrations of total nitrogen in peat briquettes and soot, it follows that soot has only very low enrichment by nitrogen (1.12-1.22). The increased concentrations of C and N in soot from the combustion of peat briquettes in comparison with input fuel are the result of the formation of high energy C-N bonds [54] . The soot from boilers EC2 and EC3 differs by the concentrations of total water-soluble nitrogen (EC2 6.05% and EC3 1.82% from total nitrogen determined in the dry matter of soot) and also by the dominant form of occurrence of nitrogen. Ammonia ions prevail in the boiler of EC2 (70-92%) from total leachable nitrogen, while in EC3 organic nitrogen prevails (60-62%) in comparison with ammonia nitrogen. Altogether, 45 compounds containing heterocyclic nitrogen were identified in soot. The identified compounds in soot include heterocyclic compounds of nitrogen derived from the degradation of plant proteins and peptides based on indole, pyrrole, pyridine, pyrazine, pyridazine, pyrimidine, indole, pyrrolidine and their alkylated derivatives. Aliphatic nitrogen is represented in soot in 12 compounds of nitrile (propannitrile, fumaronitrile, benzonitrile, acetonitrile, 2pentennitrile, 4-pyridinecarbonitrile, 2-methylbenzonitrile, 3-methylbenzonitrile, 2naphthalencarbonitrile, 2-methylenebutanenitrile, 1H-pyrrole-3,4-di-carbonitrile and 1cyclopentene-1-carbonitrile). The soot from the combustion of peat briquettes also contains amino acids (alanine, glycine, leucine, serine and cysteine). The nitrogen-containing compounds (amine-N, pyrrole-N, pyridine-N and nitrile-N) are subjected to second cracking during the combustion and transformed into HCN and NH3 [55] . The increased heating rate and shortened residence time cause a decrease in the emissions of NH3 and HCN and an increase in the concentrations of nitrogen- The soot from boilers EC2 and EC3 differs by the concentrations of total water-soluble nitrogen (EC2 6.05% and EC3 1.82% from total nitrogen determined in the dry matter of soot) and also by the dominant form of occurrence of nitrogen. Ammonia ions prevail in the boiler of EC2 (70-92%) from total leachable nitrogen, while in EC3 organic nitrogen prevails (60-62%) in comparison with ammonia nitrogen. Altogether, 45 compounds containing heterocyclic nitrogen were identified in soot. The identified compounds in soot include heterocyclic compounds of nitrogen derived from the degradation of plant proteins and peptides based on indole, pyrrole, pyridine, pyrazine, pyridazine, pyrimidine, indole, pyrrolidine and their alkylated derivatives. Aliphatic nitrogen is represented in soot in 12 compounds of nitrile (propannitrile, fumaronitrile, benzonitrile, acetonitrile, 2-pentennitrile, 4-pyridinecarbonitrile, 2-methylbenzonitrile, 3-methylbenzonitrile, 2-naphthalencarbonitrile, 2-methylenebutanenitrile, 1H-pyrrole-3,4-di-carbonitrile and 1-cyclopentene-1-carbonitrile). The soot from the combustion of peat briquettes also contains amino acids (alanine, glycine, leucine, serine and cysteine). The nitrogen-containing compounds (amine-N, pyrrole-N, pyridine-N and nitrile-N) are subjected to second cracking during the combustion and transformed into HCN and NH 3 [55] . The increased heating rate and shortened residence time cause a decrease in the emissions of NH 3 and HCN and an increase in the concentrations of nitrogen-containing compounds in soot [56] . The significant portion of fuel-bound N is retained in the soot when combustion time is short, and temperature ranges between 650 • C and 850 • C [57] .
The highest differences in leachability from soot and ash from boiler EC2 was determined for chlorides, sodium, sulphates and magnesium. Water-soluble calcium is represented in soot in low concentrations, while higher amounts are present in ash. The soot and ash from boiler EC3 have significantly lower differences in leachability of water-soluble ions. Chlorides, sodium and partly sulphates are trapped more effectively by soot in boiler EC2 than EC3.
Identification of Organic Compounds in Soot
Pyrolysates from the deposits sampled inside both boilers contain groups of organic compounds (Figure 15 ). The organic compounds in the deposits originate from thermal decomposition of the main fuel components, the diagenetic components in peat and reactions during the combustion. The higher concentrations of phenols and benzenediols in soot indicate the lower thermal degradation of lignin and tannins contained in peat briquettes. Phenol, alkylated phenols, methoxy phenols, catechol (1,2-benzenediol), its isomers (resorcinol, hydroquinone) and alkylated benzenediols are the main components of lignin and tannin [60] . Lignin decomposes over a broad range of temperatures 150-900 °C [61] . The average concentrations of phenols and benzenediols formed during thermal degradation of lignin and tannins in soot from the combustion of peat briquettes in boiler EC2 are 0.51 g/kg and 1.84 g/kg respectively. The average concentrations of European peats have a different composition according to the character of the original plant material. The essential plants participating in the origin of peat are peat moss (Sphagnum) and lichens. The main compound characteristic for lichens which are typical for European peats (northern, central and western Europe) is 3-methoxy-5-methyl phenol. Peat moss can be identified in peat and consequently in combustion side products by the presence of 4-isopropenyl phenol. However, moss species other than Sphagnum can also participate in peat origin that is typical for Spanish peats. These peats and products of their combustion can be identified utilizing chemical compounds, like 4-(2-phenylethenyl)phenol, 2,3-dihydro-2-methyl-4-phenylbenzofuran. The species of moss contain n-methyl ketones which are biomarkers that originated by the oxidation of n-alkanes [58] . The highest concentration has C 19 n-methyl ketone. Peats formed from vascular plants as well as combustion products of these peats are characteristic of the presence of methyl esters of ferulic acid [59] . Heaths are characteristic of the presence of triterpenoids (m/z 218, 203 and 189). Similarly, it is possible to distinguish peats (and consequently their combustion products) composed by deciduous and coniferous trees from other types of peats utilizing ratios of unimodal alkanes. Peats that originated from coniferous or deciduous trees (wood and bark) have the higher value of the ratio Σ2/Σ1 (4.2-1.8) than peats formed from peat moss, other moss species, lichens or monocotyledonous plants.
The soot from boiler EC2 compared with soot from boiler EC3 has higher average concentrations of organic compounds except for benzofurans, dibenzofurans, furans, pyrans, compounds containing heterocyclic nitrogen, oximes and ethers.
The higher concentrations of phenols and benzenediols in soot indicate the lower thermal degradation of lignin and tannins contained in peat briquettes. Phenol, alkylated phenols, methoxy phenols, catechol (1,2-benzenediol), its isomers (resorcinol, hydroquinone) and alkylated benzenediols are the main components of lignin and tannin [60] . Lignin decomposes over a broad range of temperatures 150-900 • C [61] . The average concentrations of phenols and benzenediols formed during thermal degradation of lignin and tannins in soot from the combustion of peat briquettes in boiler EC2 are 0.51 g/kg and 1.84 g/kg respectively. The average concentrations of phenols and benzenediols in soot from the combustion of peat briquettes in boiler EC3 are 0.50 g/kg and 1.34 g/kg respectively. The average concentrations of ketones and aldehydes in deposits from boiler EC2 are higher (2.26 ± 1.81 g/kg) than the deposits from boiler EC3 (0.77 ± 0.16 g/kg). Aldehydes and ketones form, on average, 16.5% of deposits in boiler EC2 and in boiler EC3, 7.51% of the chemical composition of the deposit. In total, 40 compounds of aldehydes and ketones were identified in the deposits. The presence of these compounds results from the non-complete decomposition of cellulose, hemicellulose and lignin in peat [62] .
Carboxylic acids originate from thermal degradation of waxes and lipids, which, together with terpenes and alkaloids, are resistant to the process of peat development. These organic compounds accumulate in peat during genesis in a non-altered form. They can be released into the environment by the combustion of peat. The average concentration of carboxylic acid reaches 3.92% in soot from boiler EC2, and it is comparable with the concentration determined for soot from boiler EC3 (3.91%). The dominant acids are hexadecanoic acid, octadecanoic acid, nonadecanoic acid and phenol acids (ferulic acid, coumaric acid, homovanillic acid and α-methyl cinnamic acid).
Alkanes identified in soot are derived from epicuticular waxes and pollen [63] . The concentrations of alkanes in soot from EC2 (0.13 ± 0.02 g/kg) and EC3 (0.13 ± 0.04 g/kg) are comparable. Alkenes originate from the thermal degradation of alkanes and alkanols. The higher average amount of alkenes is present in soot from boilers EC2 (0.16 ± 0.03 g/kg) than in EC3 boilers (0.03 ± 0.01 g/kg).
The higher content of PAHs in soot from the combustion of peat briquettes in boiler EC2 is caused by the presence of the higher concentrations of the components derived from the degradation of tannins and lignin. It can also be the result of the existence of oxygen-deficient zones during the combustion. In the burning of solid fuels, such high-temperature oxygen-deficient zones exist in which pyrolysis reactions dominate, leading to the production of polycyclic aromatic hydrocarbons [64] . Catechol (1,2-benzenediol) and its two isomers (resorcinol and hydroquinone) are produced by pyrolytic decomposition due to its dependence on the temperature. The catechol pyrolysis products comprise of several groups of compounds [64] : bi-aryls (biphenyl), indene analogues, PAHs and their alkylated derivatives, alkylated aromatics, cyclopenta-fused PAHs, oxygenated aromatics, ethyl-substituted aromatics and oxygen-containing aromatics (benzofuran and dibenzofuran). Lignin participates in the origin of aromatic hydrocarbons, PAHs and oxygenated aromatics except for benzenediols [65] . Altogether, 48 compounds of PAHs, 50 compounds from the group of aromatic hydrocarbons, including alkylated and ethyl-substituted aromatics, and nine representatives of oxygenated aromatics were identified in soot. The deposits also contained azaarenes (quinoline, 1-methyl quinoline and 7-methyl quinoline), oxygenated PAHs (anthrone, xanthone and 9H-fluorene-9-one). The oxygenated PAHs and other species could also undergo recombination and polymerization reactions to form larger macromolecular carbonaceous material, offering an alternative pathway for soot formation from biomass [66] . The average concentration of PAHs and their derivatives for the deposits from the combustion of peat briquettes in the boilers of emission class 2 is 1.70 ± 0.59 g/kg. The average concentration of PAHs in soot from boiler EC3 is markedly lower at 0.80 ± 0.14 g/kg.
From the organic compounds containing sulphur, the following compounds were identified in the deposits: thiols (1-nonanthiol, methanthiol), thiirane, thiazole, thiophene, dithiolone, sulphide, thianthrene, thiazole, thiane and benzene compounds containing sulphur. Benzenesulfonic acid, butyl octyl ester sulphurous acid and sulfone were identified from the acids containing sulphur. The higher average concentration of compounds containing organic sulphur (0.068 ± 0.016 g/kg) was determined in soot from boiler EC2, while soot from EC3 contained 0.020 ± 0.009 g/kg. The higher concentrations of sulphur compounds in soot from boiler EC2 result from the lower temperature of the combustion, which causes the lower thermal degradation of these compounds.
Furan derivatives are typical carbohydrate-derived compounds [67] . The higher average concentration of furans and pyrans (0.25 ± 0.10 g/kg) were identified in soot from boiler EC3 compared with soot from boiler EC2 (0.19 ± 0.06 g/kg). The concentrations of benzofurans and dibenzofurans are higher in soot from boiler EC3 (1.17 ± 0.79 g/kg) than in soot from boiler EC2 (0.36 ± 0.27 g/kg). This group of chemical compounds has the highest standard relative deviation. Benzofuran and its derivatives dominate in cellulose-derived soot [62] . Dibenzofuran represents a product of thermal decomposition of the lignin/tannin-polysaccharide complex. The higher concentrations of benzofuran and dibenzofuran in soot from boiler EC3 indicate the higher combustion temperature than in boiler EC2.
The soot from boiler EC3 has a higher average concentration of compounds containing heterocyclic nitrogen (0.56 ± 0.24 g/kg) than soot from boiler EC2 (0.34 ± 0.18 g/kg). The compounds containing heterocyclic nitrogen contain significant amounts of amide nitrogen, which is partially resistant to thermal degradation [68] .
The deposits from the combustion of peat briquettes contain organic compounds which indicate original biological material (markers). The organic compounds produced by thermal decomposition of proteins are present in the deposits. Amino acids are represented by sulphur proteins (cysteine, methionine), amino acids with an aliphatic side chain (alanine, glycine and leucine), amino acids with aromatic ring (tryptophane) and amino acids with a hydroxyl group at a side chain (serine). D-limonene and phytol represent the degradation products of plant pigments. Anhydrosaccharides indicate the presence of cellulose and hemicellulose. Those contained in soot are levoglucosan and mannosan. Levoglucosan is produced exclusively from cellulose combustion [69] . The average concentration of markers in soot from the boiler emission class 2 is 2.67 ± 0.75 g/kg, while soot from the boiler emission class 3 has 2.15 ± 0.43 g/kg. The higher concentrations of markers in the deposits from the boiler of emission class 2 indicate the non-complete combustion.
The percentages of organic compounds in soot are different for some groups of organic compounds in soot from boilers EC2 and EC3 (Figure 16 ). The following compounds have comparable concentrations in soot from both boilers EC2 and EC3: benzenediols; alcohols; alkanes and cycloalkanes; alkadienes. The higher percentages in soot from the boiler emission class 2 than emission class 3 were determined for compounds containing sulphur; markers; aldehydes and ketones; PAHs; aromatic hydrocarbons; alkenes; alkynes; compounds containing phenols; carboxylic acids. The higher percentages in soot from boiler EC3 than EC2 were found for compounds containing heterocyclic N; benzofurans+dibenzofurans; furans+pyrans and oximes+ethers. The soot from boiler EC3 has prevailing compounds with an aromatic structure. and cycloalkanes; alkadienes. The higher percentages in soot from the boiler emission class 2 than emission class 3 were determined for compounds containing sulphur; markers; aldehydes and ketones; PAHs; aromatic hydrocarbons; alkenes; alkynes; compounds containing phenols; carboxylic acids. The higher percentages in soot from boiler EC3 than EC2 were found for compounds containing heterocyclic N; benzofurans+dibenzofurans; furans+pyrans and oximes+ethers. The soot from boiler EC3 has prevailing compounds with an aromatic structure. The technological improvements for boilers of the emission class 3 bring higher efficiency during thermal decomposition of the fuel (peat briquettes). This is demonstrated by the concentrations of organic compounds derived from the components (lignin, cellulose) of peat briquettes in the deposits of soot/char, which are two or three times higher in boilers of the emission class 2 than in boilers of the emission class 3. The technological improvements for boilers of the emission class 3 bring higher efficiency during thermal decomposition of the fuel (peat briquettes). This is demonstrated by the concentrations of organic compounds derived from the components (lignin, cellulose) of peat briquettes in the deposits of soot/char, which are two or three times higher in boilers of the emission class 2 than in boilers of the emission class 3.
The technological improvements of boilers of emission class 3 can also be characterized chemically by a decrease of the resistant organic compounds derived from terpenes, waxes and resins that are determined in the deposits of char/soot from the combustion of peat briquettes.
The technological improvements of boilers of the emission class 3 result in increased combustion temperature that is indicated by the presence of thermally high-stable organic compounds (benzofurans, dibenzofurans) in the deposits of these boilers.
The technological improvements of boilers of the emission class 3 do not include the reduction of the amounts of deposits (char and soot). The amounts of deposits (char and soot) are in boilers of both emission classes (2 and 3) identical for the combustion of identical fuel in the same quantity and during the same period. From above, it follows that technological improvements of boilers of the emission class 3 in comparison with lower emission classes can be verified by analysis of the organic composition of the deposits.
Conclusions
The amounts of soot produced by combustion of 1 kg of fuel are higher for boilers of emission class 3 (0.78 ± 0.18 g/1 kg fuel) than for emission class 2 (0.58 ± 0.20 g/1 kg of fuel). The concentrations of OC in soot are comparable for both types of boilers (EC2 267.4 ± 6.6 g/kg and EC3 274.8 ± 35.2 g/kg). The differences in concentration appear for EC in soot (EC2 357.2 ± 39.9 g/kg, EC3 308.6 ± 16.9 g/kg).
The deposits from the combustion of peat briquettes in the boilers of emission class 2 contain the higher average concentrations of organic compounds derived from the degradation of the main structural components of peat -cellulose, lignin and hemicellulose. The soot from the combustion of peat briquettes in boiler EC3 has a typical occurrence of high-temperature combustion products as benzofurans+dibenzofurans and furans+pyrans that represent more intact carbohydrate structures in the lignin-cellulose complex. The highest value of the enrichment factor (EF) was determined among trace elements for Zn in the boilers of both types (from 70 to 80) and 90 for Pb in soot from the boiler of emission class EC2. The increased concentrations and therefore, the higher values of EF for Zn, Pb and partially As in soot are influenced by adsorption of these elements on elemental carbon (EC). This article represents the expansion and continuation of the conference contribution [70] .
